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A B S T R A C T
The crystallization mechanism and kinetics of Fe40Ni40P14B6 amorphous alloy were studied under non-
isothermal conditions. Thermal stabilization of this alloy manifests in DSC through two complex peaks,
corresponding to crystallization and recrystallization, respectively. The complex crystallization DSC peak
was deconvoluted into individual steps corresponding to crystallization of individual phases, where the
results using both Gaussian–Lorentzian cross-product and Fraser–Suzuki function were compared. It was
determined that the values of kinetic triplets of the individual steps did not exhibit any signiﬁcant
difference, depending on the deconvolution function. Anisotropic growth was indicated to be the
prevailing type of impingement for all crystallization steps. Using the calculated values of the respective
kinetic triplets and the mechanisms determined from the value of Avrami exponent, distinct values of
activation energies for nucleation and crystal growth for crystallization of each individual phase were
calculated, showing signiﬁcantly higher values for nucleation than those for crystal growth. Alloy
samples treated non-isothermally in the DSC cell exhibit inhomogeneous surface morphology with
highly granulated structure dependent on heating rate.
ã 2015 Elsevier B.V. All rights reserved.
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Amorphous alloys (metallic glasses) represent a class of
materials which lack long-range atom ordering, resulting in
isotropic structure and functional properties. Multi-component
iron-based amorphous alloys have shown to be particularly
interesting due to their favorable magnetic, electrical, mechanical
and chemical properties [1–6]. These properties make them
potentially useful for various applications, such as magnetic
sensors, information handling technologies, power devices, anti-
theft security systems [7–11]. In addition, amorphous alloys are
thermodynamically and kinetically metastable and, therefore,
prolonged use at moderate temperature, heating or exposure to
high pressure can cause structural stabilization through different
processes including structural relaxation, crystallization and
recrystallization. Microstructural changes which occur during this
stabilization process can bring about either deterioration of the* Corresponding author. Fax: +381 11 2187 133.
E-mail address: dminic@ffh.bg.ac.rs (D.M. Minic).
http://dx.doi.org/10.1016/j.tca.2015.06.015
0040-6031/ã 2015 Elsevier B.V. All rights reserved.favorable functional properties or can even improve them, if a
structure containing nanocrystals embedded in amorphous matrix
is formed [12,13]. For future development of new materials with
targeted properties, it is necessary to understand the range of
stability, as well as mechanism and kinetics of structural trans-
formations in amorphous alloys.
Kinetics of solid-state transformations is most commonly
studied using thermal analysis methods under isothermal or
non-isothermal conditions with constant heating rates [6,14–19].
Transformations occurring in solid-state are often multi-step
processes, followed by partially or completely overlapped thermal
effects manifested in DSC. In these cases, deconvolution of the
complex DSC curves is required to examine kinetics of individual
transformation steps. In a study of crystallization in As40Te50In10
glass, Gaussian function was used to separate overlapped DTA
peaks and determine apparent activation energy and reaction
order corresponding to the individual crystalline phases [20].
Gaussian function was also applied to deconvolute overlapped
crystallization DSC peaks of Fe80P13C7 metallic glass, in order to
deduce crystallization mechanism from the local values of Avrami
exponent [21]. By ﬁtting different mathematical functions to the
130 M.M. Vasic et al. / Thermochimica Acta 614 (2015) 129–136curves corresponding to different kinetic models, Perejón et al.
suggested the use of Fraser–Suzuki function as the most
appropriate deconvolution function [22]. In addition, this function
was successfully applied to deconvolute overlapped steps in DSC or
DTG curves of some Se–Te glassy systems, coordination complexes
and lignocellulosic biomass samples [23–25].
Amorphous alloy Fe40Ni40P14B6 is potentially useful for differ-
ent applications [26], and, therefore, it has been a subject of many
studies [26–37]. An examination of the structure of the alloy
sample isochronally heated at 40 K min1 up to 723 K revealed that
a completely crystalline sample contained (Fe, Ni)3(P, B) and
g-(Fe, Ni) phases [27]. Changes in the microstructure with heating
rate of non-isothermally devitriﬁed alloy were also predicted [28].
In addition, inﬂuence of pre-annealing on relaxation phenomena
has been a subject of several research papers [27,28]. Overall
crystallization kinetics was studied using isothermal and non-
isothermal electrical resistivity measurements [29,30], transmis-
sion electron microscopy [31], and DSC measurements [32,33,37].
Differences in crystallization activation energies published in the
literature, ranging from 367 to 440 kJ mol1, have been attributed
to differences in the quenching rates and the presence of a variable
number of quenched-in nuclei [28]. In spite of great scientiﬁc
interest regarding crystallization process in amorphous
Fe40Ni40P14B6 alloy, there is no information about crystallization
kinetics of individual phases. Therefore, the aim of this work is to
examine mechanism and kinetics of crystallization of individual
phases in detail, which will include identiﬁcation of formed
crystalline phases at different temperatures, thermal analysis
using DSC and deconvolution of complex DSC peaks into individual
steps using different deconvolution functions, with detailed
kinetic analysis of each individual step.
2. Experimental
Preparation of amorphous Fe40Ni40P14B6 alloy samples was
conducted using melt-spinning method, which included rapid
quenching of a melt on a cold rotating disk. Obtained alloy samples
were 35 mm thick ribbons.
In order to examine phase composition of the as-prepared and
annealed alloy samples, X-ray diffractometry (XRD) was performed
at room temperature with the automatic X’Pert Pro (PANalytical)
diffractometer, in Bragg–Brentano geometry, using CoKa radiation
and beta ﬁlter in incident path. The annealing procedure included
heating of the alloy samples, sealed in a quartz ampoule, at
successively higher temperatures up to 873 K for 30 min. For
qualitative and quantitative analysis of the obtained X-ray
diffractograms, PDF-2 database, Crystallography Open Database,
X’Pert High Score Plus and MAUD software [38–41] were used.
Differential scanning calorimetry (DSC) measurements were
carried out using TG-DSC 111 from Setaram in a stream of helium,
ﬂowing at a rate of 30 cm3min1, under non-isothermal conditions.
Curves were recorded at constant heating rates of 2, 5, 8, 11 and
14 K min1 in the temperature range from room temperature to
873 K. Surface characterization of the samples heated in a DSC cell
was performed using scanning electron microscope JEOL JSM-6390.
2.1. Solid state kinetic analysis
Rate of thermally activated single-step process occurring in the
solid state is most commonly described using the following
equation [42–44]:
da
dt
¼ Aexp Ea
RT
 
f ðaÞ (1)
where variables t and T are time and temperature, respectively, R is
the gas constant, while Ea and A are the apparent activation energyand the pre-exponential factor, which are collectively referred to as
Arrhenius parameters and characterize the rate constant,
kðTÞ ¼ AexpðEa=RTÞ. In the Eq. (1),a is the conversion degree
which, under non-isothermal conditions, can be determined
experimentally as the ratio of the area between the initial
crystallization temperature and temperature T, to the total peak
area. Mechanism of the process is described by conversion
function, f(a). Full kinetic characterization of a process means
determination of the kinetic triplet, which includes apparent
activation energy, pre-exponential factor and conversion function.
Constant values of the apparent activation energy with respect to a
and T can only be expected for the processes occurring in a single
step [44]. Under non-isothermal conditions, at constant heating
rates, b = dT/dt, Eq. (1) can be transformed to:
b
da
dT
¼ A exp Ea
RT
 
f ðaÞ (2)
In the solid-state kinetic analysis, time dependence of the
conversion degree describing crystallization process is often
represented by JMA equation [45]:
a ¼ 1  exp½ðktÞn (3)
where k and n are time-independent parameters—the rate
constant and Avrami exponent, respectively. According to Blázquez
et al. [46], the local Avrami exponent, n, can be calculated using
following expression:
dðln½lnð1  aÞÞ
dðln½ðT  T0Þ=bÞ ¼ n 1 þ
Ea
RT
1  T0
T
  
(4)
where T0 is the temperature corresponding to the onset of
crystallization. Value of the local Avrami exponent, and the way it
changes can suggest a particular mechanism of the process.
In the hypothetical case including growth of nuclei in an
inﬁnitely large parent phase, without the inﬂuence of impinge-
ment, the particles are described by the extended volume, equal to
the volume of all particles at a time t; and by the extended volume
fraction xe, equal to the ratio of the extended volume to the sample
volume [47]. The value of Avrami exponent in that hypothetical
case, nh, can be determined by taking into account the appropriate
impingement type, assuming that nh, Ea and k are constant:
dlnxe
dT
¼ nh
Ea
RT2
þ 2
T
 
(5)
and this provides more information about the transformation
mechanism. In the case of non-isothermal experiments under
constant heating rates, the position of the transformation rate
maximum (ap) gives a direct indication of the prevailing type of
impingement [48]. Accordingly, prevailing type of impingement
can be deduced by solving the appropriate equations or using
diagrams in Ref. [48].
3. Results and discussion
In order to examine thermal stability and kinetics of thermally
induced crystallization of Fe40Ni40P14B6 amorphous alloy, DSC
measurements were performed at 5 different heating rates in the
range 2–14 K min1. It was observed that the alloy was stable up to
a temperature of around 650 K, after which it underwent stepwise
thermally activated stabilization through crystallization, Fig. 1.
Two distinct complex, poorly separated, exothermic peaks at
around 665 and 700 K, respectively, suggest that the exothermic
stabilization process consisted of at least two overlapping
processes involving more than one step.
Fig. 1. Experimental DSC curves recorded at different heating rates.
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thermally treated alloy samples, thermally induced transformation
of an amorphous into a completely crystalline sample was a
complex process involving formation of several crystalline phases,
some of which subsequently undergo recrystallization. Micro-
structure of the as-prepared alloy exhibits short-range atom
ordering and changes after annealing at 613 K, when some
amounts of a-(Fe, Ni) and g-(Fe, Ni) crystalline phases appeared,
Fig. 2. Beside the presence of these two crystalline phases,
annealing at 643 K yields (Fe, Ni)3 (P, B) crystalline phase, Fig. 2c.,
whose peak positions suggest that it is richer in Ni than Fe. With
further annealing at higher temperatures, recrystallization of
a-(Fe, Ni) into g-(Fe, Ni) and (Fe, Ni)3 (P, B) crystalline phases leads
to a complete disappearance of a-(Fe, Ni), Fig. 2d. The co-existence
of g-(Fe, Ni) and (Fe, Ni)3 (P, B) phases in the ﬁnal high-temperatureFig. 2. X-ray diffractograms of as-prepared alloy (a), and samples annealed at diproduct is in accordance with Fe–Ni–P phase diagram [49].
According to XRD analysis, the ﬁrst DSC exothermic peak could be
ascribed to crystallization of a-(Fe, Ni), g-(Fe, Ni) and (Fe, Ni)3(P, B)
phases, in that order, and the second one to their recrystallization.
Studyof surface morphologyof the samples heated in a DSCcell at
different rates, (2, 8,11 K min1), from room temperatureup to 873 K,
was performed using SEM method. All thermally treated samples
showed an inhomogeneous surface structure, Fig. 3, and their
microstructure can be correlated with the heating rate and the
duration of thermal treatment. The sample heated at 11 K min1,
exhibits inhomogeneous and granulated surface, with visible
agglomeration of grains, Fig. 3d. Sample heated at 8 K min1 shows
a highly granulated structure of asymmetric grains 400–1000 nm in
diameter, Fig. 3c. Compared to the sample heated at 11 K min1, the
grains are larger with more visible contour, which can be attributed
to longer thermal treatment time. Sample treated at the lowest
heating rate (2 K min1) exhibits a fully crystalline non-uniform
surface with grains 50–300 nm in size, Fig. 3a and b. These grains are
smaller and appear to be more symmetrical than the grains observed
at higher heating rates. This can be correlated with signiﬁcant
difference in heating rate (2 compared to 8 and 11 K min1), where
signiﬁcantly lower heating rate produces a difference in the ratio of
rates of nucleation and crystal growth compared to the higher
heating rates [28]. This results in ﬁner microstructure at lower
heating rates, with higher number of smaller grains than at the
higher heating rates. The roughness of the surface layerof the sample
treated at 2 K min1 varies, leading to variation in surface
morphology. The single layer of nanocrystals does not show any
particular superstructure, Fig. 3b, and the regions containing
multiple layers of grains exhibit a degree of assembly, where grains
connect into chains of varying length, typically of few microns infferent temperatures: 613 K (b), 643 K (c) and 873 K (d), with peak indexing.
Fig. 3. SEM secondary electron images of the alloy samples heated at different rates up to 873 K: 2 K min1 showing regions with different morphology, (a) and (b); 8 K min1
(c); and 11 K min1 (d).
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through oriented attachment of the smaller grains.
Chemical mapping of the surface performed on the sample
heated in DSC cell at 11 K min1 from room temperature up to 873 K
shows that the Ni-rich regions correspond also to Fe-poor regions
and P-rich regions, Fig. 4. The ﬂuctuations in concentration of Fe are
much smaller than those of P and Ni. This, together with peak
positions in XRD, indicates that Ni-rich regions are richer in (Fe,
Ni)3(P, B) crystalline phase, while in Fe-rich regions, g-(Fe, Ni) is the
dominant crystalline phase. The entire surface is porous, and the
difference in surface morphology of Ni-rich and Fe-rich regions is
easily observable. The regions richer in (Fe, Ni)3(P, B) phase exhibit
honeycomb structure, while in the other regions, crystalline
aggregates are formed without any particular superstructure, Fig. 4.
3.1. Peak deconvolution
As the crystallization represents a complex stepwise process, in
order to investigate the mechanism of crystallization and the
kinetics and thermodynamics of formation of each phase, complex
DSC peaks were deconvoluted using symmetric Gaussian–Fig. 4. SEM backscattered electron image of the alloy sample heated at 11 K min1
and corresponding chemical maps of Fe, Ni and P, respectively.Lorentzian cross-product function and non-symmetric Fraser–
Suzuki function. Several deconvolution criteria were used con-
cerning the nature of the process and the number of formed
crystalline phases. Only deconvolution with high correlation
coefﬁcient exhibiting constant values of the effective apparent
activation energy (Ea) of individual steps with the reaction
conversion degree (characteristic of single-step processes [44])
was accepted for further kinetic analysis. In addition, the
deconvolution into single-step processes and subsequent kinetic
analysis were performed under the assumption that the reaction
mechanism is independent on the heating rate. This allowed us to
investigate, in addition to the reaction mechanism of structural
transformations, the inﬂuence of the form of deconvolution
function on the calculated kinetic triplet. However, DSC curve
recorded at 2 K min1 exhibits somewhat different shape than the
curves measured at higher heating rates, indicating a different
reaction mechanism. Therefore, only DSC curves recorded at
heating rates 5–14 K min1 were deconvoluted and considered in
further kinetic analysis. Deconvolution into four steps, using either
Fraser–Suzuki or Gaussian–Lorentzian cross product function,
yielded the best results, Fig. 5. The fourth peak exhibits a typical
Lorentzian proﬁle. Therefore, Fraser–Suzuki function could not be
used to ﬁt it, and Lorentzian function was used instead.
Deconvoluted peaks obtained using two different functions
show that the positions, amplitudes and shapes of the ﬁrst three
peaks are very similar (Supplement, Table S1). Therefore, the
overall values of apparent kinetic parameters of the individual
crystallization steps are very similar, Table 1. These values of Ea are
in accordance with the overall value of crystallization Ea [37],
determined for the system with the same chemical composition.
Thermodynamic parameters of activation were calculated, for
all transformation steps, using Eyring’s equation included in the
transition state theory [50,51], Table 1. As the observed processes
occurred in the solid-state, activation enthalpy was approximated
to be D#H  Ea. Crystallization steps exhibited values of D#S and
D#G of around 410 J(mol K)1 and 180 kJ mol1, respectively.
Positive values of activation entropy obtained for all crystallization
steps originated from the reduction in the degree of short range
ordering during the formation of activated complexes.
Fig. 5. Peak deconvolution at 8 K min1 using different functions: Gaussian–Lorentzian cross-product (a), and Fraser–Suzuki (b). Deconvolution with Fraser–Suzuki function
included ﬁtting of the ﬁrst three steps using Fraser–Suzuki function, while the fourth peak was Lorentzian function.
Table 1
Kinetic parameters for both deconvolutions determined applying Kissinger’s method [52] and thermodynamic parameters of activation for individual crystallization steps.
Deconvolution function Peak 1: a-(Fe, Ni) Peak 2:g-(Fe, Ni) Peak 3: (Fe, Ni)3(P, B) Peak 4: recrystallization
Gaussian–Lorentzian cross product Ea 454  14 450  24 458  30 456  24
LnA 82  3 80  5 81  6 78  5
Fraser–Suzuki Ea 447  14 449  23 446  29 458  30
LnA 81  2 80  4 79  5 79  5
D#S (J(mol K)1) 414  3 405  5 413  6 396  25
D#G (kJ mol1) 178  16 175  26 177  32 181  40
Fig. 6. Values of Ea at different a determined by using Vyazovkin’s isoconversional method, for individual crystallization steps obtained in both deconvolution cases.
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isoconversional methods indicated single-step processes and
yielded similar values of the effective apparent activation energy,for both deconvolutions, Fig. 6, Table 2. However, changes in Ea
with the conversion degree were higher in the case of deconvo-
lution with Fraser-Suzuki function, but variations in Ea were 3–9%
Table 2
Average values of Ea determined using isoconversional methods.
Deconvolution function a-(Fe, Ni) g-(Fe,Ni) (Fe,Ni)3(P,B)
Gaussian–Lorentzian cross product Ortega, Ea (kJ mol1) 455  5 448  9 459  11
Vyazovkin, Ea (kJ mol1) 456  1 448  1 459  1
Fraser–Suzuki Ortega, Ea (kJ mol1) 444  5 428  9 431  10
Vyazovkin, Ea (kJ mol1) 444  1 428  1 430  1
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recrystallization peak, Fig. 6, yielded signiﬁcant change in Ea value
with the conversion degree (450–200 kJ mol1), indicating that the
fourth peak does not correspond to a single-step process, but
contains several individual steps. Changes in the shape of Ea = f(a)
dependence of this peak, from a convex to a concave one, suggests
change in the limiting step of the mechanism of this process with
increasing inﬂuence of atomic diffusion. More insight into the
mechanism of the recrystallization process was obtained by
applying Master plot method [56], which showed that the ﬁrst part
of the process, up to the conversion degree value of around 0.45,
corresponds to the Prout–Tompkins kinetic model, Fig. 7, while
second part of the process deviates from this.
In order to completely describe the crystallization kinetics,
kinetic triplet of each crystallization step was determined, for both
deconvolutions, Tables 1–3. Application of Málek’s criterion [45] to
individual crystallization steps lead to concave y(a) and z(a) curves
with well deﬁned maxima. However, z(a) function maxima were
not positioned at a = 0.632, suggesting that the conditions of
validity of Johnson–Mehl–Avrami kinetic model, most commonly
used for crystallization kinetics description, were not entirely
fulﬁlled. Therefore, two-parameter form of empirically derived
Šesták–Berggren model (aM(1  a)N) was assumed to correspond
to different crystallization steps. Determined values of parameters
M and N of Šesták–Berggren model for individual crystallization
steps, presented in Table 3 show very similar values for the
conversion functions corresponding to different ﬁtting function
types. Crystallization steps, corresponding to formation of
individual phases out of the amorphous matrix, follow Šesták–
Berggren kinetic model with M < 1 and N > 1, which can be
correlated with processes controlled by nucleation, growth of
nuclei and their branching and interaction [57]. Formation of
different crystalline phases out of the amorphous matrix in a very
narrow temperature region, leading to appearance of the complex
crystallization peak in DSC curve, originates from very similarFig. 7. Master-plot method for Prout–Tompkins kinetic model, applied to
recrystallization peak.values of Arrhenius parameters and the conversion functions of
different crystallization steps.
Validity of these kinetic triplets was conﬁrmed using Master
plot [56] and Perez-Maqueda’s [58] criteria. Application of master
plot method exhibited a good match between experimental and
theoretical master curves, Figs. S1 and S2 (Supplement). According
to Perez-Maqueda’s criterion [58], logarithmic form of the general
kinetic equation exhibited linear dependence for all crystallization
steps and for all applied heating rates, Figs. S3 and S4 (Supple-
ment), conﬁrming the validity of the obtained kinetic parameters
of individual crystallization steps.
Finally the validity of the obtained kinetic triplets was tested
comparing experimental DSC curves with curves calculated using
the obtained kinetic triplets, Fig. 8. Calculated DSC curves of
individual crystallization steps were obtained by inserting the
obtained kinetic triplets of each of the ﬁrst three crystallization
steps into the Eq. (2). After normalizing and multiplying the
obtained curves by amplitudes, their sum was added to the
deconvoluted curve of peak 4 to yield the calculated DSC curve.
Excellent accordance between the calculated and the experimental
curve was achieved in both cases, with R2 = 0.997 for 655–710 K
temperature range. Like in similar systems [59], the values of
kinetic parameters of all crystallization steps are relatively high as
a result of high complexity of the crystallization process, which
involves simultaneous correlated movements of many atoms.
3.2. Crystallization mechanism
Additional information about the crystallization mechanism
was obtained from the local values of Avrami exponent, n,
determined according to Eq. (4). Decreasing trend in the values
of Avrami exponent with the progress of the transformation,
observed for all crystallization steps Figs. S5a and S6a (Supple-
ment), can result from impingement effects which appeared
during the process of crystallization [60]. In order to gain more
insight into the crystallization mechanism and eliminate the
observed impingement effects, the values of Avrami exponent
were calculated for the hypothetical case where nuclei grow in the
absence of other particles in an inﬁnitely large parent phase, nh
[47]. Firstly, the prevailing type of impingement was deduced from
the values of the conversion degree at transformation rate maxima,
ap. Values of ap = 0.5 observed for all crystallization steps suggest
anisotropic growth of all crystalline phases, which means that the
blocking effects of growing particles lead to hard impingement,
resulting in deviation from the classical JMA model [47]. Taking
into consideration the anisotropic growth of crystalline particles
with ap = 0.5, the values of nh at different values of the conversion
degree were determined according to Eq. (5). The constant nh
values in the range 3.0–4.0 were obtained for crystallization of all
phases from the amorphous matrix, Figs. S5b and S6b (Supple-
ment). This indicates three-dimensional interface-controlled
growth, which suggests that the atomic processes occurring in
the immediate vicinity of the interface determined the growth of
individual crystalline phases. These results are in accordance with
the conclusions of the study of crystallization process in the alloy
Table 3
Conversion functions obtained for each crystallization step, for both deconvolutions.
Deconvolution function a-(Fe, Ni) g-(Fe, Ni) (Fe, Ni)3(P, B)
Gaussian–Lorentzian cross product a0.53(1  a)1.11 a0.50(1  a)1.15 a0.48(1  a)1.18
Fraser–Suzuki a0.49(1  a)1.06 a0.45(1  a)1.06 a0.46(1  a)1.11
Fig. 8. Comparison of experimental DSC curve at 8 K min1 and curve simulated using the obtained kinetic triplets of individual crystallization steps, for deconvolution with
Gaussian–Lorentzian cross-product (a) and Fraser-Suzuki (b) function. Difference is shown with the zero positioned at 0.1 (indicated by straight red line) for clarity, at the
same scale as the experimental data. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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resistivity measurement under isothermal conditions.
The values of kinetic triplets for individual crystallization steps
and the determined mechanism of crystal growth from Avrami
exponent allow determination of the activation energies for
nucleation (EaN) and growth (EaG). These were determined
according to the procedure recommended by Liu et al. [48],
assuming Avrami nucleation type, Table 4. Following this
procedure, for a series of non-isothermal experimental runs,
nucleation activation energy was determined from the slope of the
straight line, using equation:
ln
RT2p
b
  !
 1
np  d=m 1
 
¼ lnA þ EaN
RTp
 
(6)
where Tp and np are temperature and growth exponent at
transformation-rate maximum, respectively, m is growth mode
parameter taken to be equal to 1 and d is dimensionality of the
growth [48] taken to be equal to 3, to correspond to three-
dimensional interface-controlled growth. Then, activation energy
of crystal growth was calculated from the expression:
EaG ¼ npðEa  EaNÞd=m þ EaN (7)
where Ea was determined using Kissinger’s method.
Nucleation activation energies were found to be signiﬁcantly
higher than the activation energies for crystal growth, Table 4,Table 4
Activation energies for nucleation (EaN) and growth (EaG) for crystallization of
individual phases.
a-(Fe, Ni) g-(Fe, Ni) (Fe, Ni)3(P, B)
EaN (kJ mol1) 619  23 588  38 646  45
EaG (kJ mol1) 433  31 444  55 437  71which could be expected for a system with this kind of composition
and microstructure [61,62].
4. Conclusion
Fe40Ni40P14B6 amorphous alloy is thermally stable up to around
650 K, and undergoes stepwise thermal stabilization through
crystallization and subsequent recrystallization in 650–710 K
temperature region. Examination of surface morphology of
thermally treated alloy samples revealed inhomogeneous surface
dependent on thermal history correlated to the heating rate. The
complex crystallization DSC peak was deconvoluted into three
single-step processes, each corresponding to the formation of one
crystalline phase. Application of different deconvolution functions,
Gaussian–Lorentzian cross-product and Fraser–Suzuki, produced
only insigniﬁcant difference between the two sets of kinetic data.
This indicates that both of the selected functions provide a
satisfactory description of the crystallization processes in this
alloy, and the use of either one can be suggested for this type of
processes. Impingement plays a signiﬁcant role in crystal growth,
leading to anisotropic growth and deviation of the crystallization
mechanism from the classical JMA model. Determination of
distinct values of activation energy for nucleation and crystal
growth showed similar values for all three crystalline phases.
Signiﬁcantly higher activation energy of nucleation than that of
crystal growth is expected for this type of system. The values of
activation energy for crystal growth closely correspond to the
experimentally determined experimental values of the apparent
activation energy, which could be a consequence of the presence of
nucleation centers in the as-prepared amorphous alloy.
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